The activity of pyrophosphate:D-fructose-6-phosphate-1-phosphotransferase (EC 2.7
A plant PPi-PFK4 was discovered in pineapple leaves in 1979 (1) and now has been found in other plant tissues including many leaves (2, 4, 12) , potato tubers (14) , mung beans (11) , and castor bean seedlings (9) . The plant PPi-PFK catalyzes the following reversible reaction:
Fru-6-P + PPi * Fru 1,6-P2 + Pi.
Recent work shows that fru 2,6-P2, a potent effector of ATP-PFK discovered in animal research on the regulation ofglycolysis and gluconeogensis in liver (3, 13, 14) , also is a potent effector of plant PPi-PFK activity (11) . But fru 2,6-P2 has no effect on plant ATP-dependent PFK activity (2, 4, 9, 11, 12, 16) with the exception of the unconfirmed report of stimulating a plastid ATP-PFK (10) . The role of PPi-PFK in glycolysis in plants is not certain, but classically the formation of fru 1,6-P2 from fruSupported by the National Science Foundation through grant PCM-8023949. 2 Recipient of a Visiting Grant from the Academia Sinica. 6-P is a control point in the regulation of sugar breakdown. This led us to postulate that PPi-PFK plays an important role in glycolysis and energy metabolism in plants (1) which is strongly supported by the widespread distribution in many plants and algae of the PPi-PFK often several-fold in excess of the ATPdependent PFK activity (2) . In this paper, we report that PPi-PFK in germinating pea seeds is activated by fru 2,6-P2 and that the mechanism of this activation involves the interconversion of two forms of PPi-PFK. Apparently, these two forms have different mol wt, and this interconversion is a new mechanism for regulating plant glycolysis.
MATERIALS The 20 to 35% (w/v) polyethylene glycol-insoluble fraction was obtained after centrifugation at 25,000g for 20 min and resuspended in the isolation medium in a small volume. Gel filtration chromatography was done as described by Ibsen et al. (8) . The enzyme was purified over 50-fold by this procedure.
RESULTS
Changes in the Activity of Pyrophosphate-Dependent Phosphofructokinase in Pea Seeds during Germination. PPi-PFK was found in crude extracts from both cotyledons and sprouts at each assay stage during pea seed germination (Fig. IA) . PPi-PFK activity increased over 3-fold and 7-fold in cotyledons and sprouts, respectively, after 2 to 3 d of germination and then declined to a lower activity. The enzyme activity in sprouts was 3 times higher than the activity in cotyledons based on tissue fresh weight. PPi-dependent PFK activity was readily detected in the absence of the activator, fru 2,6-P2, at all stages of development.
Changes in Fructose 2,6-Bisphosphate Sensitivity of PPi-PFK in Pea Seeds during Germination. Fru 2,6-P2 was a potent stimulator of pea PPi-PFK in the direction of fru 1,6-P2 formation throughout germination. However, we found that during germination the sensitivity of PPi-PFK to exogenous fru 2,6-P2
(at 1 gM in the assay), changed depending on the seedling age in both cotyledons and sprouts (Fig. 1B) . Initially, pea PPi-PFK was sensitive to fru 2,6-P2 in the assay, followed by a period of relative insensitivity, near day 2 to 7, prior to a later resumption, near day 8 or 9, of fru 2,6-P2 sensitivity. Total PPi-PFK activity (forward direction, Fig. 1 A) was greatest during the period when fru 2,6-P2 sensitivity was least (Fig. 1B) . Subsequent work revealed that similar differences in fru 2,6-P2 sensitivity were maintained when partially purified enzyme preparations (polyethylene glycol precipitates) were obtained from pea seedlings of different ages (data not shown).
Evidence for Two Forms of PPi-PFK in Pea Cotyledons. In a detailed study of the changing sensitivity to fru 2,6-P2, using an enzyme preparation partially purified from 2-d-old cotyledons by polyethylene glycol 6000 precipitation, two distinct activity peaks of PPi-PFK activity were eluted via gel filtration chromatography (Sephadex G-200) (Fig. 2) . The large form, which was eluted first, has activity without added fru 2,6-P2 and shows little sensitivity to fru 2,6-P2, whereas the small form shows activity only when assayed in the presence of fru 2,6-P2 (1 gM). We assume elution volume on our gel filtration columns correlates with mol wt, such that large proteins eluted more rapidly than small proteins. Currently, research is in progress on the mol wt determinations and other properties of these proteins.
Further differences between the large and small forms of PPi-PFK appeared when fru 2,6-P2 was added at varying concentrations. The large form (peak I) was little affected by added fru 2,6-P2. On the contrary, the activity of the small form (peak II) was activated dramatically, 15-to 20-fold, by fru 2,6-P2. The Ka for fru 2,6-P2 was 15 nm for the small form (peak II) of the cotyledon enzyme; a value close to the 12 nm reported for spinach leaves (4) and the 5 nm for the potato tuber enzyme ( 16) .
Effect of Fru 2,6-P2 on the Interconversion of Two Forms of Pea Cotyledon PPi-PFK. The small form (peak II) of pea cotyledon PPi-PFK was obtained from a partially purified enzyme preparation by passing the preparation through a Sephadex G-200 column. The fractions containing the small form were concentrated with 55% saturated (NH4)2SO4 precipitation, resuspended in a small volume of isolation medium, and then applied to the second Sephadex G-200 column (2.0 x 35 cm) (Fig. 3A) . The column was preequilibrated and eluted with the same buffer, and the fractions (each 3 ml) were pooled.
The elution activity profile showed that only a fru 2,6-P2-dependent PPi-PFK was eluted (Ve = 84 ml), and that finding implied that only the small form of this enzyme was isolated (Fig. 3A) . This small form of the pea cotyledon PPi-PFK was concentrated by the same procedure given above, and then was treated by incubation with fru 2,6-P2 (final concentration, 125 ,uM) at 4°C for 24 h. This treated preparation was applied to the same column (Sephadex G-200).
The results (Fig. 3C) show that PPi-PFK activity reappeared in the chromatographic position of the large form or peak I (Ve = 63 ml) after fru 2,6-P2 incubation. Although the small form or peak II of PPi-PFK was observed as well after this treatment, the activity in the position of the small form was less than 40% of the activity in the large form. We interpret this result as a direct demonstration of the interconversion of the small form to the large form after incubation with fru 2,6-P2. (Fig. 3A) . Unlike the case in the forward direction, the reverse direction was stimulated only slightly (Fig. 3B) 
